Abstract. A quantitative modelling of the disorder phenomena in layered NbS 2 is presented. The polytypes 2H and 3R are considered and the variations of the intensity profiles for their transformations into each other are calculated in terms of a one-dimensional disorder model.
Introduction
Layered transition metal dichalcogenides are unique among the class of layered materials because of their interesting physical and chemical properties. Basically, they possess a hexagonal or rhombohedral structure with strong intralayer covalent bonding and weak interlayer van der Waals bonding. A sheet of metal atoms (M) is strongly bonded and sandwiched between two hexagonally closepacked layers of chalcogen atoms (X ¼ S, Se, Te). The coordination of the metal atom can be either octahedral or trigonal-prismatic. The MX 2 -layers are weakly bonded by van der Waals forces to other MX 2 -layers and stacked along c to give rise to the observed hexagonal or rhombohedral structure. The valence state and the d-electron configuration of the metal atom define the electrical, magnetic and optical properties of the material, while the quasi twodimensional structure is responsible for the anisotropy of the physical properties. Moreover, the weak van der Waals bonding between MX 2 layers enables intercalation reactions to form stoichiometric and nonstoichiometric intercalation compounds with many different guests. Depending on the intercalate species, quite unusual changes in the physical properties of the host material have been observed [1] .
The class of layered transition metal dichalcogenides includes more than 60 polytypes which are obtained by different layer stacking sequences [1] . Besides the formation of ordered polytypes, there is also the possibility of disordered structures by the occurrence of faults. Here the stacking rule is broken without violating the nearest-neighbour relationships. Such stacking faults are frequently observed and their existence is thought to influence the intercalation properties of these materials.
Two polytype structures of NbS 2 are known (Fig. 1 ). The hexagonal 2H-modification crystallizes in space group P6 3 =mmc with lattice parameters of a ¼ 3.31 A and c ¼ 11.89 A [2] . 2 Nb atoms occupy Wyckoff position 2ðbÞ: AE (0 0 1/4) and 4 S atoms 4ðf Þ: AE (1/3 2/3 z) with z % 1/8. The rhombohedral 3R-modification crystallizes in space group R3m with lattice parameters a ¼ 3.33 A and c ¼ 17.81 A and 3 Nb in 3ðaÞ: (0 0 z) with z ¼ 0, 3 S in 3ðaÞ with z % 1/4 and 3 S in 3ðaÞ with z % 5/12 [2] . The common notation used for the description of the layer sequences is AbA CbC . . . for 2H--NbS 2 and AbA BcB CaC . . . for 3R--NbS 2 . Upper case letters denote the positions of the sulfur atoms, lower case letters are used to designate the positions of the niobium atoms. The stacking sequence of the two polytypes is expressed by the Ramsdell notation [3] as nX where n is the number of S--Nb--S-layers in the unit cell and X stands for the lattice type which is hexagonal (H) for the 2H-polytype and rhombohedral (R) for the 3R-polytype. For both, 2H--NbS 2 and 3R--NbS 2 , stacking disorder along c was found [2] .
2H--NbS 2 is formed from the elements at temperatures above 1123 K and it is stable up to 1323 K. 3R--NbS 2 is stable below 1073 K. The chemical composition of both phases can vary within certain homogeneity ranges, Nb 1þx S 2 , with x depending on the formation temperature and the sulfur pressure. For 2H--Nb 1þx S 2 x was found to be in the range 0.30 < x < 0.43 [2] . The stacking disorder along c strongly depends on the stoichiometries of the phases. Three-dimensionally ordered structures with only few stacking faults necessitate excess niobium atoms intercalated into the empty octahedral sites in the van der Waals gaps. However, if these non-stoichiometric phases Nb 1þx S 2 are formed, they are no longer accessible to intercalating atoms.
In terms of a comprehensive study of intercalation reactions of 2H--NbS 2 , the characterization of the stacking disorder and its influence on the intercalation properties becomes one of the central problems for the understanding of the intercalation mechanism. Therefore, a quantitative modelling of the disorder phenomena in 2H--NbS 2 and its intercalation compounds K x (H 2 O) y NbS 2 have been performed and the results are presented in two papers. Two different types of disorder have been established: The pure stacking disorder of the host lattice NbS 2 is characterized and modelled in the present paper, the more complex mixed stacking disorder/intercalation in K x (H 2 O) y NbS 2 is considered in the second paper [4] .
Experimental
Single crystals of 2H--NbS 2 were prepared by vapor phase transport in sealed and evacuated silica tubes from the elements at 1243 K. A Nb/S mixture with a molar ratio of 1 : 2.5 was used to perform the reaction; the excess sulfur increased the sulfur partial pressure and helped to avoid self-intercalation of niobium. NbS 2 crystals were transported in a two zone furnace from 1243 K ! 1213 K with iodine (5 mg/cm 3 ) as transport ions. The crystals grew over a period of 20 days, whereupon they were quenched in an ice/water mixture. Platelike crystals with metallic luster and dimensions of a few millimeters in size were obtained. The analytical composition was determined by oxidation of NbS 2 to Nb 2 O 5 at 1173 K in air, to be Nb 0:999ð2Þ S 2 .
X-ray diffraction patterns of 2H--NbS 2 were recorded with a Siemens D500 powder diffractometer operating in Bragg-Brentano geometry. Intensity data were collected in the Q=2Q-modus with Ni-filtered CuK a -radiation (l ¼ 1.5418 A). The lattice parameters were determined from X-ray powder investigations to be a ¼ 3.321(3) A and c ¼ 11.953(7) A.
The powder X-ray diffraction patterns of disordered NbS 2 are calculated in the following manner: In the first step, the average intensity distribution is calculated as a function of h, k and z, with z being the coordinate along c * in the reciprocal lattice. An appropriate interval Dz is defined and the intensity is calculated for all the points (hkz), whose Bragg diffraction angles, 2Q, fall into the selected 2Q-range. The individual intensities I(hkz) are then convoluted with a profile function, g(x; 2Q), distributed over the values 2Q j ¼ 2Q min þ j Á Dð2Q) with (j ¼ 0, 1, 2, . . .): Ið2Q j Þ : : ¼ Ið2Q j Þ þ IðhkzÞ Ã gð2Q j ; 2QÞ.
The profile function, g(x; 2Q), was assumed to have a Lorentzian distribution with a mean value 2Q and variable uvw-parameters given as a function of 2Q according to equation (1) [5] :
u, v and w were determined from unbroadened 00l reflections of 2H--NbS 2 and then fixed at u ¼ 0.03648, v ¼ À0.01235 and w ¼ 0.00294 for all calculations. The results of the convolution were summed up and a LP-correction was performed for I(2Q j ). The Lorentz polarization factor was calculated as [6] :
The calculations were performed with the powder version PSIM of the program fv1 written by Kato, mentioned in Kato, Kosuda, Koga and Nagasawa [7] , applying the matrix method of Kakinoki and Komura [8] . Atomic scattering factors for neutral atoms and their dispersions are taken from Ref. [9] . For the mathematical backgroud of calculating X-Ray powder diffraction patterns of disordered structures, see Onoda, Saeki and Kaweda [10] .
Calculation of the intensity distribution for disordered NbS 2
The stacking sequences in the ordered 2H-and 3R-structures are schematically shown in Fig. 1 . In the 2H-structure two layers AbA and CbC are stacked alternately along [001]. These two layers are structurally equivalent under the c-glide of P6 3 =mmc, but non-equivalent under translation. The 3R-structure is obtained by stacking three structurally equivalent layers which are displaced by The stacking disorder is modelled by the assumption that for any layer there is a probability P that the next layer forms a 2H-type of stacking. Therefore, the probability (1-P) is the stacking fault probability that layer sequences of the 3R-polytype interrupt the 2H-sequence ( Table 1) .
The layer form factors for the different layer types are: where Lðx; hÞ is the Laue function involving a * and b * ; f Nb and f S are the atomic scattering factors of Nb and S. x, h and z are the coordinates along a * , b * and c * .
Stacking disorder in 2H-NbS 2 and its intercalation compounds K x (H 2 O) y NbS 2 Fig. 3 . Calculated X-ray diffraction patterns for disordered NbS 2 as a function of the probability P as defined in Table 1 .
The atomic coordinates are expressed in terms of the lattice parameters of 2H--NbS 2 , i.e. a ¼ 3.321(3) A and c ¼ 11.953(7) A. Atomic coordinates of atoms in the structure of 3R--NbS 2 are transformed into the coordinate system of 2H--NbS 2 .
The calculated X-ray powder patterns for varying P are shown in Fig. 3 . An ordered hexagonal 2H-structure is obtained for P ¼ 1, an ordered rhombohedral 3R-structure is obtained for P ¼ 0. Stacking disorder is present for 0.0 < P < 1.0. The stacking disorder affects reflections belonging to the reflection class ðh0lÞ, which become increasingly broadened and then split-up into two reflections. With decreasing stacking fault probability these new reflections become increasingly sharper. Finally, for P ¼ 0 the reflections of 3R--NbS 2 are as sharp as the reflections of 2H--NbS 2 for P ¼ 1. ðhk0Þ and ð00lÞ reflections are not affected by the disorder.
The measured X-ray powder pattern of a crushed 2H--NbS 2 sample can be described by the present disorder model. A fit is shown in Fig. 4 . A strong broadening of reflections ðh0lÞ is observed. The best agreement between experimental and calculated X-ray diffraction patterns is obtained for P ¼ 0:85, i.e. 15% stacking faults are present in the structure of 2H--NbS 2 . These stacking faults correspond to layer sequences of the 3R-polytype.
Due to the platy morphology of the crystallites in the sample, preferred orientation was obtained in specimen preparation. This changes the relative intensities from those obtained with a randomly oriented powder sample in this way that in particular the intensities of ð00lÞ reflections are heavily enhanced. To take account of this texture effect, the intensity distribution along ð00zÞ has been calculated in an extra run with a scale factor which was five times higher than that used in the calculations of the intensity distributions along ðhkzÞ with h; k 6 ¼ 0. Although this is only a simple approximation and mathematically not correct, it works very well in this special case.
Conclusion
NbS 2 exhibits two polytype structures: 2H--NbS 2 with a layer sequence AbA CbC . . . and 3R--NbS 2 with a layer sequence AbA BcB CaC . . . . Both polytypes are disordered along [001] . A one-dimensional disorder model describing the transformation from 2H--into 3R--NbS 2 is presented and its validity is tested on an experimental Xray diffraction pattern of disordered 2H--NbS 2 . From this, a stacking fault probability of 15 % was determined for a sample prepared at 1243 K.
In the present paper the stacking disorder in the host lattice 2H--NbS 2 was placed into the focus of interest, because it can be suggested that the disorder is responsible for the good intercalation properties of 2H--NbS 2 . In the second paper [4] the intercalation compounds K x (H 2 O) y NbS 2 are considered.
